The influence of severe tissue lactic acidosis during incomplete brain ischemia (30 min) on cortex morphology was studied in fasted rats, Pro duction of lactate in the ischemic tissue was varied by preischemic infusions (i, v.) of either a saline or a glucose solution. The brains were fixed by perfusion with glutaraldehyde at 0.5. or 90 min of recirculation. In saline-infused animals (tissue lactate about 15 /Lmol gt) . changes observed at 0 and 5 min of recircu lation were strikingly discrete: slight condensation of nuclear chromatin. mild to moderate mitochondrial swelling, and only slight astrocyte edema. These changes had virtually disappeared after 90 min recirculation and. at this time. only discrete ribosomal changes were observed, In contrast. glucose-infused rats (tissue lactate about 35 /Lmol g-l) showed severe changes: marked clump ing of nuclear chromatin and cell sap in all cells was already evident at 0 and 5 min recirculation, while mitochondrial swelling was mild to moderate.
«0.2%) of condensed neurons with grossly swollen mitochondria. previously considered a hallmark of ischemic cell injury. Key Words: Ischemia-Lactic acidosis-Rat brain-Damage-Light microscopy-Electron microscopy.
As discussed in the preceding article (Rehncrona et ai., 1981) , many studies have shown that even relatively long periods of complete ischemia may allow extensive recovery of cerebral energy state, mitochondrial respiratory functions, and neuro physiological parameters. In a similar fashion, some morphological studies have failed to disclose exten sive cell damage after complete ischemia of 15-30 313 min in duration (Miller and Myers, 1970; Arsenio Nunes et ai., 1973; Brierley et ai., 1975; Marshall et ai., 1975; Kalimo et ai., 1977 Kalimo et ai., , 1979 Jenkins et ai., 1979) .
The results quoted contrast with those demon strating that ischemic periods as short as 4-7 min may induce widespread brain damage (e.g., Wein berger et ai., 1940; Grenell, 1946; Hirsch et ai., 1957) . It seems clear that certain suboptimal condi tions must prevail when damage is seen after only few minutes of ischemia, while certain optimal con ditions, equally undefined, allow cells to survive long periods of ischemia. Indirect evidence exists that a trickling blood supply during ischemia may be detrimental (Hossmann and Kleihues, 1973; Nordstrom et ai., 1978; Rehncrona et ai., 1979) . The conclusion is supported by results demonstrating that hypoxia-ischemia (with continued oxygen and substrate supply) lasting less than 30 min leads to more extensive damage than corresponding periods of complete ischemia (Brown and Brierley, 1973; Salford et aI. , 1973; Levy et aI. , 1975) .
It has recently been proposed that excessive cel lular lactic acidosis adversely affects recovery after ischemia and hypoxia (Myers, 1977 (Myers, , 1979 . As was discussed in the preceding article (Rehncrona et aI. , 1981) , this hypothesis offers an explanation for the paradoxical finding that a trickling blood flow dur ing ischemia may be deleterious. Thus, with inade quate oxygen availability, excessive amounts of lactic acid may be formed by anaerobic glycolysis from glucose supplied by the residual blood flow. In support, it could be shown that, following 30 min of complete and incomplete ischemia, metabolic re covery was inversely related to the amount of lactic acid accumulated in the tissue during ischemia, at least when lactic acid levels exceeded 20-25 iLmol g-I (Rehncrona et aI. , 1981) .
In this study, we explored the effect of excessive tissue lactic acidosis during severe incomplete isch emia on the light-(LM) and electron-microscopic (EM) structure of rat cerebral cortex. Experimental procedures were similar to those described in the preceding article. A preliminary report of some of the results has been published (Kalimo et aI. , 1981) .
MATERIALS AND METHODS
Since the present experiments were conducted in parallel to and with the same animal models as in the preceding article (Part 1, Rehncrona et aI. , 1981) , the techniques will be summarized only briefly.
Animals, Operative Techniques, and Experimental Model
Twenty-seven male Wistar rats of an SPF strain, weighing 350-400 g, were used for the study. All animals were deprived of food (but not of water) for 16-24 h prior to the experiment. They were initially anesthetized with 2. 5% halothane, tracheotomized, connected to a Starling-type respirator, and paralyzed with intravenous tubocurarine chloride. After cannulation of the femoral arteries and one femoral vein, the halothane supply was discon tinued and the animals ventilated with N 2 0 + O 2 (�75: 25) for 30 min before the experiment was started. The animals were given 100 IV of heparin to prevent blood from clotting in the catheters.
J Cereb Blood Flow Metabol, Vol. I, No. 3, 1981 Thirty minutes of severe incomplete cerebral ischemia was induced by clamping both carotid ar teries and reducing the mean arterial blood pressure (MABP) to 50 mm Hg (by bleeding). In one group of the material, recirculation was initiated by removal of the artery clamps and reinfusion of blood (for details, see preceding article, Rehncrona et aI. , 1981) . MABP and electroencephalogram (EEG) were continuously monitored during the experi ments, while arterial blood samples were taken for analysis of Po2, Pco2, and pH. Arterial blood was sampled for glucose analysis before and during ischemia as well as during recirculation. The body temperature was kept close to 37°C by external heating and the brain temperature was prevented from falling by a heating bulb placed at a predeter mined distance from the head, Half of the animals received an infusion (i. v ,) of 2 ml of a physiological saline (Krebs-Henseleit) solu tion (glucose-free), while the other half were given 2 ml of a 50% glucose solution (i. v. ) during 15 min immediately before induction of ischemia. The brains were perfusion-fixed for later histopathologi cal evaluation (as described below) either at the end of the 30-min ischemia period or after 5 or 90 min of recirculation,
Fixation and Microscopic Techniques
For the fixation of the brain a rapid thoracotomy was performed and a cannula was inserted into the ascending aorta via the left ventricle. The descend ing aorta was clamped and the right auricle opened. The cerebral vasculature was first rinsed with a 0.9% NaCl solution (37°C) for about 1 min, followed by 300 ml of 3% glutaraldehyde (GA) (Polaron Equipment Ltd. , Watford, England) in 0.1 mol li ter-I phosphate buffer, pH 7. 4 at 37°C and at a pres sure of 120 mm Hg. When brains were fixed after 30 min of ischemia (without recirculation), the carotid artery clamps were removed just before rinsing with saline. The brains were allowed to stabilize in situ for 1 h before being removed, and they were then stored in the same fixative until further processed. One hemisphere was cut in coronal sections for LM preparations. These samples were embedded either in plastic EFL-67 (Serva Feinbiochemica, Heidel berg, FRG) or in routine paraffin.
From the other hemisphere, cerebral cortical samples were taken for EM as indicated in Fig. 1 . The areas analyzed corresponded to those analyzed biochemically (Part 1). The tissue pieces were sec-FIG. 1. Schematic picture of the rat brain showing the corti cal area, from which samples for microscopy were taken (stippled) . The dashed line indicates the area from which samples were taken for the preceding metabolic study (Rehncrona et aI., 1981) .
tioned into 230-l-tm slices with a Sorvall TC-2 tissue sectioner, postfixed in cacodylate buffered 1% os mium tetroxide, en bloc stained with 0.5% uranyl acetate in veronal-acetate buffer, dehydrated in a graded series of ethanol, and embedded in Epon.
For LM the EFL-67-embedded material was cut in 2-l-tm sections and the Epon-embedded in l-I-tm sections. All sections were stained with toluidine blue. Paraffin sections were stained with hematoxy lin-eosin. Selected areas of the Epon-embedded blocks were thin-sectioned for EM, double-stained with uranyl acetate and lead citrate, and examined in a JEM 100 C electron microscope.
Controls
Nonischemic control animals were prepared sur gically in the same way as the experimental ones. Fasted animals infused with either Krebs-Henseleit solution or glucose were used. Control animals were kept artificially ventilated for time periods similar to the experimental periods of the different ischemic and postischemic groups. Fixation and processing for microscopical analysis were per formed as described above.
RESULTS

Physiological Parameters
Since the physiological parameters and blood glucose concentrations of the animals in the present groups were similar to those of the corresponding groups described in the preceding article (cf. Table  2 and Fig. 1 in Rehncrona et aI. , 1981) , they are not given here. In all animals ischemia was severe enough to totally abolish electrocortical activity. However, animals infused with Krebs-Henseleit solution before ischemia recovered postischemic electrocortical activity when recirculated for 90 min, while animals infused with glucose prior to the ischemic period did not show any electrocortical activity during recirculation. We thus conclude that the present histopathological study corresponds to the preceding metabolic and neurophysiological re sults (Part 1, Rehncrona et aI. , 1981) .
Histopathological Controls
The brains of rats kept anesthetized under similar conditions but without induction of ischemia ap peared both in LM and EM such as is generally con sidered normal (Fig. 2 ).
Histopathological Alterations in Ischemia
In the following, we describe separately the his topathological changes in saline-infused and glucose infused animals. However, the data of Table 1 (see below) pertain to both series, and changes observed in the light microscope in the two series have been illustrated in a common figure to facilitate compari sons ( Fig. 3) .
Saline-Infused Animals
The brains of ischemic rats infused with Krebs Henseleit solution were firmly fixed and yellowish brown in color, as is usual for GA-fixed brain tis sue. By LM it was verified that both at the end of the ischemic period as well as during recirculation a great majority of the brain capillaries were empty and wide open, though there was some variation in the percentage of patent vessels between different animals ( Table 1) .
The principal LM findings are illustrated in Fig. 3 , which shows cellular alterations observed after 0, 5, and 90 min of recirculation (A, B, and C, respec tively). Considering the duration of the ischemia, the structural alterations were surprisingly slight. Thus, in animals perfused at the end of the ischemic period, nuclear chromatin in neurons, astrocytes, and oligodendrocytes only appeared somewhat more coarse then in the controls, and in the neurons, the chromatin remained fairly evenly dis tributed (Fig. 3A) . In astrocytes and oligodendro cytes, the chromatin formed larger, often peripher ally located clumps.
Other generalized, but less conspicuous alter ations consisted of a lesser "compactness" of the Nissl substance in the neurons, a decreased stain ability of the oligodendroglial cytoplasm, and a slight "blurring" of structural details.
Alterations observed after 5 min of recirculation were of still slighter extent (Fig. 3B ), and after 90 min, the cellular structure was essentially indistin guishable from the controls (Fig. 3C ). However, in 2 of 4 animals a few damaged neurons were encoun tered (see below).
Apart from these generalized changes, some more focal changes were observed, notably the ap pearance of edema and of dark condensed neurons. Animals perfused at the end of the ischemia showed moderate vacuolization in the subpial zone, and clear spaces around some smaller vessels indicating moderate swelling of astrocytic processes, but re markably, the astrocytic somata were not discern- FIG. 3. Differences in neuronal structural alterations in the cerebral cortex between rats without preischemic glucose-infusion (saline-infused: A-C) and with preischemic glucose-infusion (o-F) at 30 min of ischemia, as well as at 5 and 90 min of recircula tion, as evaluated by LM. A: Saline-infused, 3D-min ischemia (without recirculation). The nuclear chromatin in the neurons is slightly coarser than normal, as it is also in the two light-staining oligodendrocytes (arrow). Note the patent capillaries and absence of perivascular edema except for a minimal clearing (arrowhead). B: Saline-infused, 3D-min ischemia + 5-min recircula tion. Changes are similar but even slighter than in A. C: Saline-infused, 3D-min ischemia + 90-min recirculation. The light microscopic structure is indistinguishable from a normal control animal. 0: Glucose-infused, 3D-min ischemia without recircula tion. The nuclei are vesicular due to the marked clumping of the chromatin. Capillaries are patent. A pericapillary astrocyte (arrow) is somewhat edematous. E: Glucose-infused, 3D-min ischemia + 5-min recirculation. The changes are similar as in D. F: Glucose-infused, 3D-min ischemia + 90-min recirculation. The tissue has a spongy appearance with peri neuronal vacuoles. The clumping of chromatin is severe. Two capillaries (arrows) are blocked by stagnated blood. Epon + toluidine blue. x740.
ably swollen. Around some penetrating arteries the tissue appeared vacuolated, and in these areas, tiny vacuoles were seen also in the cytoplasm of a few neurons (see below). These areas were quite lim ited, but since they were seen around several ar teries in the transverse sections at quite a variable distance from the midline, they could not have rep resented arterial border zones. All signs of edema (subpial, around small vessels, and around pene trating arteries) were less conspicuous after 5 min of recirculation and absent after 90 min.
In animals perfused at the end of the ischemia, we occasionally observed a few (less than 0.2% of the total population) somewhat condensed neurons. Interestingly enough, most of these were seen in the vicinity of the larger penetrating arteries, i. e. , in the area of vacuolization ( Fig. 4 ). After 5 min of recir culation a few slightly condensed neurons (less than 0.2%, in one animal about 1%) were still present. In the 90-min recirculation group, some (less than 0.1%) darkly stained or even fragmented neurons were encountered, indicating that these had in curred an irreversible injury.
In EM, the changes in the groups with either no or a 5-min recirculation period were similar, albeit of a somewhat lesser degree in the latter group. The nuclear membrane in neurons was often slightly corrugated and the chromatin somewhat more coarse than in controls ( Fig. 5A, B ). Rough endo plasmic reticulum (RER) and Golgi cisternae usu ally appeared relatively normal, as were ribosomes most often, though occasionally early signs of dis integration and dispersion of ribosomes were seen. In general, the mitochondria showed mild to mod erate swelling of the inner matrix ( Fig. 5A, B ), but they sometimes appeared virtually normal (see Fig.  7B ). Only in the neurons with tiny cytoplasmic vac uoles present around some penetrating arteries ( Fig.  4 ) did we see more prominent swelling of mito chondria such as that considered characteristic of certain types of ischemia (see Discussion). The cytoand karyoplasm of these neurons was some times, but not always, condensed. On the other J Cereb Blood Flow Metabol, Vol. I, No. 3, 1981 FIG. 4. LM picture of the cortical area in the vicinity of a penetrating artery (not visible at this level) from a rat subjected to 30 min of brain ischemia without prior glucose infusion. The tissue is vacuolated (upright zone between the arrows). One darkly stained neuron without prominent cytoplasmic vacuoles (arrowhead) and another with such vacuoles (thick arrow) are present in this zone. To the left of the picture (i.e., farther from the penetrating artery), the tissue is compact. Epon + to luidine blue. x 590.
hand, in the rarely encountered "dark" neurons, the mitochondria did not necessarily show marked swelling (see Fig. 4 ).
In the EM of rats recirculated for 90 min (Fig. 6) , the cellular condensation was almost no longer de tectable, and the mitochondria usually appeared intact. The RER cisternae remained narrow, but membrane-bound ribosomes were often detached and free ribosomes had lost their orientation in ro settes. They all appeared small and pinpointed. Golgi cisternae were often moderately dilated.
In astrocytes and oligodendrocytes the nuclear chromatin had likewise become coarser, and their cytoplasm appeared somewhat lighter than in the controls. Mitochondria and other organelles in both types of cells appeared normal (Fig. 7) .
In summary, saline-infused animals subjected to 30 min of severe ischemia did not show changes indicative of widespread neuronal damage. Thus, after 90 min of recirculation, only a small fraction (less than 0. 1%) of the neurons had an abnormal ap pearance in LM. In the EM, the changes observed were limited to moderate dilatation of Golgi cister nae and to changes in the appearance of ribosomes, which were often detached from membranes and had lost their orientation in rosettes.
Gluc ose-Infused Animals
The brains of the glucose-infused rats appeared slightly swollen. Furthermore, they were softer FIG. 5. EM changes in cerebral cortex of a saline-infused rat after 30 min of brain ischemia followed by 5 min of recirculation. A: The nuclear chromatin in a neuron (N) and an astrocyte (A) is somewhat coarser than normal. Neuronal mitochondria (ar rowheads) show mild to moderate swelling of the inner matrix, which is not sufficient to appear as microvacuoles in LM. RER and Golgi cisternae show scarcely any changes from normal. The astrocytic cytoplasm appears somewhat edematous, but mitochon drial swelling is even milder than in the neuron. Neuropil between the cell bodies is virtually intact, but with some mitochondrial swelling. x8,300. B: Detail of A, where N is nucleus; G, Golgi apparatus; and arrowheads, mitochondria. x 20,000. in consistency and grayish-green in color. These changes were observed in brains removed at the end of the ischemic period, as well as after 5 min of recirculation, but were even more prominent when recirculation was extended for 90 min. The areas supplied by the posterior cerebral arteries were more firmly fixed and yellowish-brown. After 5 min of recirculation, the vast majority of the capillaries in the cortex were patent. As can be seen in Table I, the number of open capillaries at the end of the ischemic period was clearly reduced, and if recir culation was allowed for 90 min, more than half of the capillaries were plugged by blood cells, a finding which makes it unlikely that perfusion fixation was adequate (see Discussion).
The LM findings after 0, 5, and 90 min of recir culation are illustrated in Fig. 3 (D, E, and F, re spectively). It should be emphasized that the structural alterations observed were homogene ous, with no sign of localization to certain neurons or cortical layers; furthermore, neuronal alterations of the type denoted as "ischemic cell change" were J Cereb Blood Flow Me/abol, Vol. 1, No. 3, 1981 virtually absent (data not shown). In contrast to saline-infused animals, those infused with glucose, and perfused at the end of the ischemic period, showed severe chromatin clumping, with rarefac tion of nuclei (Fig. 3D) . The "blurring" of structural details was more pronounced in glucose-infused than saline-infused animals.
In contrast to animals infused with saline, those infused with glucose showed no regress of struc tural alterations during the first 5 min of recircula tion (Fig. 3E ). For example, both the rarefaction of nuclei with clumping of chromatin and the blurring of cellular details persisted. After 90 min, the tissue damage became much more severe (Fig. 3F) . The whole cortex appeared spongy, with marked perivascular, perineuronal, and SUbpial vacuoliza tion. The nuclear chromatin was further rarefied.
As remarked, saline-infused animals showed moderate signs of "edema" (SUbpial and perivas cular) at the end of the ischem .
ic period, but these changes disappeared after 90 min of recirculation. These changes contrast with those appearing in the Astrocyte showing clumping of chromatin and watery cytoplasm but well-preserved mitochondria (N, nucleus). B: Satellite oligodendrocyte (to the left) from the same animal, which shows only loss of the characteristic dark staining. The mitochondria (arrowheads) and other organelles appear virtually intact, as they do also in the neuron (right part of the picture). N, nucleus. x 1 0,000.
glucose-infused animals. Thus, already at the end of the ischemic period these animals showed a more pronounced subpial edema, and after 90 min of re circulation, edematous changes were quite pro nounced (see above). However, at earlier times very little perivascular edema was observed, al though some of the larger vessels were surrounded by a clear rim.
Somewhat unexpectedly, in animals perfused at the end of ischemia, or after 5 min of recirculation, dark, triangular neurons were only rarely seen (less than 0.2%), as were neurons with intracytoplasmatic or perineuronal vacuolization. After 90 min of recir culation, such neurons were more common, but their darkly stained cytoplasm usually did not con tain vacuoles, and their relative number remained well under 10%.
In EM the nuclear rarefaction in the glucose infused rats (with no or 5 min recirculation) was striking: in neurons and astrocytes only small, darkly stained clumps were seen within the other wise empty-looking nucleus (Fig. 8) , while in the oligodendrocytes the changes were somewhat less pronounced. Similarly, the cell sap had become watery clear, in which fluffy, dark material sur rounded the clustered organelles. Golgi complexes and RER usually remained flattened and mitochon dria showed slight to moderate swelling. These changes became even more prominent in the rats with 90-min recirculation (Fig. 9 ). In these, many cell organelles were disintegrated to such an extent that their identification became difficult, and vesi cles and vacuoles of variable size appeared in both the cell somata and neuropil.
DISCUSSION
In the preceding article (Rehncrona et aI., 1981) , it was demonstrated that the final outcome of a 30min period of severe ischemia was dependent on the amount of lactate that accumulated in the brain during the ischemia. Thus, extensive recovery of the cerebral energy state and return of electrocorti-cal activity, as well as of somatosensory evoked responses, were observed provided lactate concen trations did not exceed 15-16 /Lmol g-l. However, when lactate concentration increased to above 25 /Lmol g-l in animals infused with glucose prior to ischemia, no such recovery was observed.
The present study-which concerns histopatho logical changes in saline-and glucose-infused ani mals subjected to 30 min of severe, incomplete ischemia-has confirmed these results by showing only slight and probably reversible neuronal altera tions in saline-infused animals but gross brain tis sue damage in glucose-infused animals. We will further discuss this difference in outcome on the basis of the observed structural changes, but since some of these changes may be the result of inade quate fixation of tissue, it seems justified to begin by considering the fixation technique.
Fixation Technique
A prerequisite for the proper interpretation of structural changes in cerebral ischemia is an in stantaneous fixation of the brain. This, which can be accomplished only by intravascular perfusion, necessitates patent cerebral vessels. In all saline and glucose-infused rats with up to 5 min recircula tion, a great majority of the capillaries were rinsed free of blood by the fixative, though some inter animal variations were observed. In these experi mental groups, therefore, adequate perfusion of the fixative should have been achieved.
In the glucose-infused rats with 90-min recircula tion, so many blood vessels were clogged by cells that perfusion of the fixative must have been im peded. This was also reflected in the softer consis tency and the dusky color of those brains. The question must be asked, therefore, whether results obtained in saline-and glucose-infused animals are comparable. Consequently, some of the structural changes must be considered artifacts due to delayed fixation. However, the very fact that adequate per fusion fixation could not be accomplished probably attests to the tissue damage incurred. This is also known from diagnostic neuropathology: in the fixed brain the infarcted tissue always remains softer than the rest of the brain. On the basis of these consid erations, we consider the comparison valid, espe cially if we choose not to include glucose-infused animals allowed a recirculation period of 90 min. It seems clear, though, that the alterations observed in that group represent gross tissue damage.
Influence of Lactic Acidosis on Cell Structure
If we set aside the few dark neurons observed, the morphological changes seen in the saline infused rats exposed to severe ischemia of 30 min duration were surprisingly discrete. We propose that, to a large extent, they represent a reversible nerve cell injury, in accordance with the extensive biochemical and neurophysiological recovery ver ified in the preceding article (Rehncrona et aI. , 1981) . For example, the mitochondrial swelling seen in these animals usually did not cause rupture of the membranes. Such mitochondria may, therefore, re sume their normal configuration (and function) during prolonged recovery periods as seen after 90 min of recirculation. Likewise, the slightly coarser chromatin seen in the neurons of the saline-infused rats became evenly dispersed when recirculation was continued for 90 min. It should be emphasized, though, that after 90 min of recirculation ribosomes were detached from the RER and lost their orienta tion in rosettes. Furthermore, some dilatation of Golgi cisternae occurred. It has previously been shown that disaggregation of polyribosomes occurs in the recirculation period following ischemia (Cooper et aI. , 1977) . These observations suggest that some damage is inflicted on the protein synthe sis apparatus (see also Arsenio-Nunes et aI. , 1973; Kalimo et aI. , 1977) . At present, little is known about the potential reversibility of these changes.
The structural changes observed in the neurons of glucose-infused rats were severe and indicative of a progressive disintegration of the tissue in the recir culation period. The results are in accordance with the biochemical and neurophysiological data pre sented in the preceding article (Rehncrona et aI. , 1981) . They are also in line with previous results, FIG.8 . EM picture of a cortical neuron fro m a glucose-infused rat at 30 min of brain ischemia followed by 5 min of recirculation. The neuron is severely da maged with severe clu mping of the chromatin and of cell sap. Nu merous vesicles and vacuoles are present in the cell processes of the neuropil. Notably the neuron is not condensed, the mitochondria (arrowheads) show only slight to moderate swelling, and RER and Golgi cisternae (G) are narrow. x8,300. FIG. 9 . EM picture of cortical tissue fro m a glucose-infused rat after 90 min of recirculation following 30 min of brain ischemia. The destruction of the tissue is further accentuated (cf. Fig. 8 ). However, the changes seen may partly be due to delayed fixation of tissue (see Discussion), since stagnated blood in the vessels was seen after this recirculation period. Nuclear chro matin and all cytoplas mic co mponents are severely clumped, which even ha mpers definite identification of the cells. N, nucleus. x8,700. obtained in fed animals subjected to 30 min of se vere, incomplete ischemia, which showed failure of metabolic recovery with a progressive rise in intra cranial pressure (Nordstrom et aI. , 1978) and gross derangement of respiratory functions of isolated mitochondria (Rehncrona et aI. , 1979) . From such results one may get the impression that the damage is entirely incurred in the recirculation period. However, as the present results demonstrate, glucose-infused animals showed severe clumping of nuclear chromatin at the end of the ischemic period. Thus, irreversible denaturation of nucleic acid and protein constituents may well be one of the changes that determines the relentless course towards mas sive cell damage during recirculation.
Although the evidence is circumstantial, it seems highly probable that the cell damage incurred in glucose-infused animals is related to the massive lactic acidosis, notably the reduction in intracellular pH. The exact mechanisms by which excessive lac tic acidosis causes irreversible nerve cell injury re main to be established. It has been shown that ex cessive hypercapnia, causing a fall in intracellular pH from 7. 05 to 6. 65 (Siesjo et aI. , 1972) , does not lead to detectable deterioration of cerebral energy state (Folbergrova et aI. , 1974) , nor does it lead to other structural alterations than slight karyo-and cytoplasmic clumping (L. Paljarvi, H. Kalimo, B. SOderfeldt, Y. Olsson, and B. Siesj6, unpublished observations) . Such results justify two conclusions. First, more severe acidosis is required to precipitate gross cell damage, such as that associated with lac tic acid levels exceeding 25 /Lmol g-l (pH < 6). Sec ond, the decrease in pH is what causes clumping (denaturation?) of nuclear chromatin. The latter conclusion is corroborated by results showing that although karyoplasmic clumping occurs in other anoxic-ischemic conditions (Kalimo et aI. , 1977; Jenkins et aI. , 1979) , it is not observed in severe hypoglycemia, a condition associated with energy failure but not with acidosis (Agardh et aI. , 1978 (Agardh et aI. , , 1980 Kalimo et aI., 1980) . It should be emphasized that, at least at first sight, our results are in contradiction to those ob tained in other tissues. Thus, Trump (1974, 1975) found that extracellular acidosis pro tected Ehrlich ascites tumor cells and rat renal cor tex against anoxic injury. The effect was proposed to be related to acidosis-improved stability of cel lular membrane systems. Similar results were ob tained by Bing et a1. (1973) , who found that an acid pH improved functional viability of myocardium in J Cereb Blood Flow Metabol, Vol. 1, No. 3, 1981 the reoxygenation phase after hypoxia. However, these studies were performed on cells known to be able to make efficient use of glycolysis for energy production. Conceivably, their intracellular meta bolic pathways may be more resistant to a lowered pH. Furthermore, acidosis may be detrimental only if it affects the intracellular fluids.
The Enigma of Ischemic Cell Injury
Previously, the existence of two different types of hypoxic-ischemic nerve cell injury has been recog nized (e. g. , Garcia et aI. , 1975) . The first type is characterized by condensation of cyto-and karyoplasm with extensive ballooning of the mito chondria, named ischemic cell change by Spiel meyer (1922) and by Brown and Brierley (1971; see also Brierley, 1976) . This type of injury is typically seen in combined anoxia-ischemia (intermittent ex posure to a nitrogen atmosphere with unilateral ca rotid artery clamping) Brierley, 1972, 1973 ) and in regional cerebral ischemia induced by middle cerebral artery occlusion (Garcia et aI. , 1975 (Garcia et aI. , , 1977 Little et aI. , 1974a,b) .
The second type of hypoxic-ischemic nerve cell injury is characterized by chromatin clumping, in creased electron lucency of the cell sap, and mild to moderate swelling of mitochondria. This type has been reported to occur in different forms of perma nent, complete ischemia (Arsenio-Nunes et aI. , 1973; Kalimo et al. , 1977 Kalimo et al. , , 1979 Jenkins et aI. , 1979) .
The model used in this study produces severe, incomplete ischemia of 30 min duration, and the results include recirculation periods up to 90 min. Thus, condensed neurons with swollen mitochon dria could be anticipated; yet, the structural changes did not quite conform to those expected. Rather, the structural alterations observed in glucose-infused rats correspond to the type of injury which occurs in permanent, complete ischemia. It may be asked if that structural alteration is akin to the artifactual "hydropic cell change" (Brierley et aI. , 1973) . However, our injured neurons did not show as extensive ballooning of mitochondria or swelling of endoplasmic reticulum. It should also be emphasized that certain common features (e. g. , chromatin clumping) can be expected. Thus, since "hydropic cell change" results from delayed fixa tion, the tissue must suffer artifactual ischemia of unknown duration.
In the saline-infused rats with recirculation for up to 5 min, the mitochondria in many neurons were slightly to moderately swollen but not enough to give these cells a vacuolated appearance in LM; neither were these neurons condensed. In other words, the changes were too discrete to be defini tively classified as one of the two above-mentioned types of ischemic injury. In all groups, i. e. , also after 90 min of recirculation, very few neurons showed "ischemic cell change," and when they oc curred, they were mostly localized in areas of "status spongiosus" (e. g. , around penetrating ar teries).
The paucity of condensed neurons with swollen mitochondria, which has previously been consid ered a hallmark of hypoxic-ischemic nerve cell in jury (Brierley, 1976) , needs further consideration. Obviously, we cannot use the results obtained in the saline-infused animals to suggest that ischemic neurons may take up another appearance, since the model could well allow the great majority of neurons to survive. However, since ischemia in glucose-infused animals led to such pronounced metabolic (and structural) damage, it was surprising to find that very few neurons showed signs of "ischemic cell change" after 0 to 5 min of recircu lation. It is tempting to conclude, therefore, that the condensed neurons with swollen mitochondria do not represent a generalized form of ischemic injury, but that such injury develops only under specific conditions.
In view of the common association of condensed neurons with perineuronal astrocytic swelling, it is quite possible that the neuronal condensation re flects a shift of osmotic equivalents and water from neurons to glial cells. As described in more detail elsewhere (Siesjo, 1981) , a mechanism for such a shift has been proposed. Thus, when energy failure ensues and neurons lose K+ to such an extent that the extracellular K+ activity increases above 10 /Lmol ml-I, glial cells seem to absorb both K+ and Cl-, accompanied by water, with an associated swelling of glial elements (Bourke et aI. , 1975 (Bourke et aI. , , 1978 Kimelberg et aI. , 1978) . Since the uptake of ions occurs by the mediation of an A TP-dependent translocase, one must ask why this process occurs, especially since the neuronal ion-pumping mecha nism fails. Two features of glial metabolism may explain this paradox. First, glial cells are generally closer to the oxygen source, i. e. , the capillary blood. In fact, Bourke et aI. (1978) have suggested that the consumption of oxygen by glial cells may deprive neurons of their share, inflicting upon them an additional anoxic insult. Second, glial cells seem capable of maintaining their oxygen consumption even at very low oxygen tensions (see Hertz, 1978 Hertz, , 1981 .
If we tentatively assume that condensed neurons, i. e. , so-called ischemic cell change, arise by "active dehydration" due to glial events, one can envisage that two requirements must be fulfilled: there must be a source of water and ions, and there must be sufficient energy to support ion (and water) ac cumulation by glial cells. Possibly, the localization of the few condensed neurons found around pene trating arteries reflects the presence, around these vessels, of relatively large amounts of extracellular fluid. Furthermore, the ischemia induced presently was probably severe enough to impede oxygen sup ply to glial cells as well, explaining the absence of gross astrocytic swelling. It should also be recalled that massive swelling of mitochondria, probably often a result of accumulation of Ca 2 + plus phos phate, cannot occur in the absence of an energy source. Thus, with complete or extensive energy failure, neither accumulation of ions and water by glial cells nor massive mitochondrial swelling would be expected to occur. In other words, condensed microvacuolated neurons are more likely to be en countered in less severe degrees of ischemia or in the models which employ repeated exposure to anOXia.
Admittedly, the explanations offered are specula tive. However, in view of the paucity of classical "ischemic cell changes" in many models of severe, prolonged ischemia (including the present one), it seems justified to question the postulate that the de gree of ischemic (or hypoxic) cell damage can be judged only from the number of condensed, micro vacuolated neurons.
